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ABSTRACT 

Some of the f ac to r s  t h a t  a f f e c t  the  preferred posi t ions of ca t ions  

in ionic  solid solut ions were h v e s t i g a t e d  u t i l i z i n g  v ib ra t iona l  spectro- 

scopy. 

La+' and Ca+* i n  a IcBr host  l a t t i c e  were examined as a funct ion of t he  

polyvalent cat ion concentration, 

was found t o  be randoin for 

Solid solutions of the  su l f a t e  and chroaate ions codoped with 

The cation-anion pa i r ing  process 

whereas the formation of La+9-S04'2 ion 

pairs with a C2, bonding geometry is highly p re fe ren t i a l  t o  any type 

of La+s-Cr04'2 ion p a i r  formation. The relative populations of ion pair 

site configurations are discussed i n  terms of an energy-entropy competi- 

t i on  model which can be applied t o  t h e  p a r t i t i o n  of t raceaements  during 

magmatic processes, 
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Trace element p a r t i t i o n  c o e f f i c i e n t s  between s i l icate  melts and 

c r y s t a l l i z i n g  minerals have been measured and found useful  as a measure 

of magmatic d i f fe ren t ia t ion .  It has become clear t h a t  t h e  p a r t i t i o n i n g  

of trace elements into minerals depends upon several atomic and c r y s t a l  

chemical factors.  In some cases t he  ion ic  size is the most important 

factor as suggested by Goldschmfdt (1937)(eg Onuma et  al. 1968), while 

in  others ionizat ion po ten t i a l s  (eg Ringwood, 1955), or t h e  s tab i lLza t ion  

energy of crys ta l - f ie lds  (eg Brnmsand Fpfe, 1964) are the dominant factors. 

Burns and Fyfe (1966) among others  have t r ea t ed  t h e  subs t i t u t ion  of trace 

elements i n  a so l id  so lu t ion  i n  terms of t h e  thermodynamics of t h e  e q u i l i -  

brim: X+(rmgma) + ~'(erystal)<-X+Z'(crystal) - + e( l i qu id )  

Whittaker (1967), who made similar considerat ions,  took a more atamistic 

approach t o  the  problem and concluded t h a t  the difference between t h e  

i n t e r n a l  energies of tt.e s u b s t i t u t i n s  trace element (e) and t h e  major 

carion (Y+) which ik replaces  must be considered i n  both t h e  l i q u i d  and 

the  c r y s t a l l i n e  envLonment. 

so l id  phase can be stbdfed for na tu ra l  systems. 

of t he  major ca t ions  over two d i s t i n c t  octahedral  sites i n  o l i v i n e  has 

been studied using in f ra red  spectroscopy (Huggins, 1973). 

minerals v ibra t iona l  bands of anions are broadened by resonance coupling 

between neighboring i d e n t i c a l  anions. These broad bands prevent t he  direct  

observation of the  e f f e c t s  of t r a c e  concentrations of ca t ions  on t h e  vibra-  

timil spectrum. 

.The p a r t i t i o n i n g  of cat€ons i n  t h e  

For instance, t h e  ordering 

In n a t u r a l  

I n  ion ic  s o l t d  so lu t ions  where anions are i so l a t ed  from 



each other by the host matrix, the v ibra t iona l  bands are narrow and 

s p l i t t i n g s  due t o  the  or ien ta t ion  of the  ca t ion  can be observed. 

I n  order t o  study the  var ious f ac to r s  t h a t  inf luence which ca t ions  

will go i n t o  a pa r t i cu la r  Lat t ice  s i t e  or which s i te  w i l l  be preferred 

by a cat ion,  a matr ix- isolat ion technique has been used, A s o l i d  solut ion 

is formed with anions of t he  form XYz(eg S04-2, Cr04'3) and an alkali 

hal ide (eg KBr). When multiply charged ca t ions  are added to  t he  melt 

they p a i r  with the  d i v a l e n t  anions t o  achieve charge neut ra l i ty .  

posi t ion the  cat ion assumes i n  the l a t t i c e  is af fec ted  by the same f a c t o r s  

t h a t  are important i n  determining the  l a t t i c e  posi t ions and concentrations 

of t race  cat ions i n  silicate systems. 

are not of great importance i n  rock forming minerals it shows the  value 

of the  technique which can be applied t o  other  anions. 

The 

Although tne anions reported here  

The cubic s t ruc ture  possessed by several  alkali hal ides  can be 

described i n  terms of two interpenetrat ing face-centered cubic lattices 

(one containing t h e  a l k a l i  ions and the other  containing t h e  hal ide ions) 

and the symmetry of each occupied l a t t i c e  si te i s  Oh. 

nates  of the  two sub la t t i ce s  can be expressed a8 (0 ,  0 ,  0 )  and 1/2, 0 ,  0), 

respectively. 

The r e l a t i v e  coordi- 

This  a l k a l i  hal ide c e l l  {Figure 1, without M+*-XY4 ' on subs t i tu t ion  

and associat ion of an 

therefore,  the site symmetry of the  ion pair .  

Cell  model, the XYI-". 

ca t ion )  determines the  bonding geometry and, 

I n  terms of the  Atypical  

ion is s u b s t i t u t e d  a t  a halide ion la t t ice  s i te  



and r ig id ly  oriented as  i l l u s t r a t e d  i n  the figure.  

of s o l i d  solution is expected t o  be l e se  favorable owing t o  s t e r i c  

hindrance, which is caused by the large s i ze  of the 

v a l i d i t y  of t h i s  assumption, r e l a t i v e  t o  any type of random or i en ta t ion  

of the  XY4 

spec t rs  obtained with a s o l i d  solut ion of t h i s  type.. (Greybowski and 

Khanna, 1974). 

An i n t e r s t i t i a l  type 

ions, The 

ion i n  the c e l l ,  is confirmed by the polarized Raman -.n 

The N+u c x i o n ,  which becomes associated with such a complex anion, 

may e i t h e r  substitute f o r  one of the  alkali  ions i n  the  lattice or f ind 

some i n t e r s t i t i a l  posi t ion,  

becomes increasingly more improbable as the cat ion diameter increases. 

Therefore, the subs t i t u t iona l  M+m l a t t i c e  posi t ions deserve the g r e a t e s t  

Occupation of the  i n t e r s t i t i a l  lat t ice pos i t ions  

consideration with regard t o  t h e i r  e f f e c t s  on the v ib ra t iona l  spectrum o f  

the  ion pair.  La t t i ce  vacancies are formed i n  the  a l k a l i  ha l ide  host 

l a t t i c e  t o  maintain ove ra l l  e l e c t r i c a l  n e u t r a l i t y  when the dopants a r e  

not of i den t i ca l ,  but opposite charge and must also be consider-d. 

The ion pa i r  bonding geometry can be determined by examining the  

spectroscopically observed v ib ra t iona l  band pa t t e rn  of the internal modes of 

the complex anion, XY4-n. The t r i p l y  degenerate assymetric stretch mode 

of the ICY4'" ion i s  very intense Ln the inf ra red ,  and is qu i t e  s ens i t i ve  

t o  inhomogeneities i n  the local ized c r y s t a l  f i e l d  produced about t he  anicn 

by the  M+m cat ion and/or associated la t t ice  vacancies. Lattice vacancies 

may occur a t  a su f f i c i en t  distance from the ion p a i r  so as not t o  a f f e c t  



the  l o c a l  c r y s t a l  f i e - d  about the ion pa i r .  

ion pair and the r e l a t i v e  separat on of t he  two ,oris can be determined 

by u t i l i z a t i o n  of a group theo re t i ca l  ana lys i s  of t he  v ib ra t iona l  spectrum 

of t h e  XY4Mn ion. 

and Khanna (1974)). 

The bonding geometry o t  t h e  

(eg Decius e t  al. (1963), Miller e t  al, (1971) ,GrzybowskF 

If the XYr-" anion is oriented 8s above (Figure l), the  drn cat ion 

can subs t i t u t e  f o r  an a lka l i  ion at any one of th ree  d i s t i n c t  sets of 

non-equivalent near neighbor lat t ice sites, 

(a), (b ) ,  and (c) ,  r e su l t i ng  i n  ion p a i r  s i t e  symmetries of (&(a), 

Csv(b), and CZv, respect ively,  The number of inf ra red  active bands 

resu l t ing  from a s p l i t t f n g  of the  degeneracy of the anion's assymetric 

s t r e t ch  mode f o r  each of these configurations is 2, 2, and 3 respect ively,  

Associated l a t t i c e  vacancies may fu r the r  modify the  s i te  symmetry and 

the observed spectrum but w i l l  not necessar i ly  modify subs t an t i a l ly  the  

bonding geometry of the  M+m-XY,-n ion pa i r .  The case i n  which the re  is 

no pairing between the  M+m and XYI-n .ions i s  unique in t h a t  t he re  is no 

s p l i t t i n g  of the  degeneracy of the assymetric s t r e t c h  mode of t h e  enion 

i n  the infrared spectrum, 

These sites are labeled 

EXPERIMENTAL METHOD 

The so l id  solut ion samples were grown as s ingle  crystals from the  

melt by a modified Bridgemann (1925) technique, 
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The samples were prepared with about 8 grams of KBr and an i n i t i a l  

doping concentration of K2S04 and/or K2Cr04 of 0,03 precent by mole. 

The i n i t i a l  doping concentration of La+' o r  Ca+2 ( i n  t h e  form of LaBr, 

o r  C a B r a )  was var ied r e l a t i v e  t o  the  f ixed  totaldivalent anion concentration, 

Each sample was then placed i n  a tapered bottom quartz sample tube which 

was placed i n  a modified Bridgemann furnace t o  allow the  sa ? l e  t o  m e l t ,  

The tube w a s  then lowered through a continuous temperature gradient  such 

t h a t  the  sample temperature was lowered from about 8OO0C to  250C over 

a period of three  days, The s ing le  crystals obtained i n  t h i s  way were 

v t s i b l y  transparent, throughout a l l  but t he  uppermost e ighth of the  c r y s t a l ,  

The uppermost sec t ion  of each crystal was v i s i b l y  turbtd and contained 

l a rge  occlusions of the  dopants and, therefor", was not used i n  the  analysis,  

This ind ica tes  t h a t  the  concentration of the  dopants i n  so l id  solut ion 

axe much lower than the i n i t i a l  doping concentrations,  The t ransparent  

crystal  sec t ion  was c u t  i n t o  samples approsimately 1,Scm x 7mm x 7 m  

i n  dimnsion. The inf ra red  spectrum of each sample was recorded a t  room 

temperature with a Perkin-Elmer Model 521 Inf ra red  spectrophotometer. 

The spectra  were recorded between 1300 and 8OOcm" which allowed examina- 

t i o n  of t he  two fundamental s t r e t ch ing  modes of t h e  SO4'' and CrO4-* Ions, 

The i n i t i a l  doping concentration of t he  La+' (or Ca+') Lon r e l a t i v e  t o  

an initial doping concentration of 0.03 mole percent for the  Cr04nB and 

SO,-' l o n s ' i s  described i n  terms of a doping ratio of t h e  form (Mfm:S04m2: 

Cr04'*), This ind ica tes  e t o t a l  number of Mf"m ca t ions  ava i lab le  pew 

s ingle  anion (S04'a or Cr04-2). An o v e r a l l  ca t ion  t o  anion ra t io  
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(M'%[XY4'n]total)~ is a l s o  presented which d i r e c t l y  gives the number 

of e ca t ions  ava i lab le  per 

d i f f e r e n t  anions, 

anion without d i s t i n c t i o n  between 

RESULTS 

The r e l a t i v e  concentrations of s ixed s o l i d  so lu t ions  of t he  type 

B@-S04'2-Cr04'2/KBr were studied t o  obtain information on t h e  p r e f e r e n t i a l  

bonding proper t ies  of t h e  Mtrn ca t ion  f o r  e i t h e r  anion, 

The f i r s t  mixed sol id  solut ion system examined was Ca+2-SOb"2-Cr04-2/ 

The inf ra red  spectra  of s ingular  so l id  so iu t ions  of Caf2-S04'2/KBr KBr, 

and of Cat%rOlm2/KBr have been thoroughly examined by Decius e t  ale (1963) 

and by Miller e t  al, (1971), respect ively,  

(SOem2 and Cr04'2) examined here, t h e  r e s u l t s  were a superposit ion of those 

of the  s ingular  so l id  sofutions, Wi th . e i the r  anion the  dominant bonding 

geometry has the  anion paired with the Ca+' ca t ion  i n  the  Cev posi t ion,  

Spectroscopically,  t h i s  i s  indicated by the  presence of the  in tense  bands 

a t  1182, 1150 and 1081cmm1 f o r  the  S04'2 ion and a t  932, 920, and 876cmo1 

for the  Cr04=* ion, The absorption band due t o  the aseymetric s t r e t c h  

mode of (Td(F2))  each i so l a t ed  anion (without 

appears with appreciable i n t e n s i t y  at about 1130cm-' for t h e  SO4'* ion 

and about 904cm"' for t h e  Cr04'* ion, The appearance of these bands 

strongly ind ica te  that not a l l  M+m ca t ions  need necessar i ly  be bonded t o  

an XYIMn anion even i f  m=n. Psrhilps the  most important point  t o  be made 

I n  the  mixed so l id  so lu t ion  

assoc ia t ion)  a l s o  



upon examination of the Ca+2-S04n2-Cr04"2/KBr solid solution system i s  

that there is no preferential bonding or association of the Ca+2 cation 

with either of the two anions investigated, 

taneous appearance and growth of the very narrow (approximately Scm'l 

halfwidth) absorption bands due to the presence of either anion at random 

bonding to a Ca'" cation as the dopant ratio 

This is apparent in the nimul- 

increase6 from (0: l : l )  to 

(4:1:1). 

In order to determine the feasability of using mixed solid solutions 

to characterize any preferenttal bonding properties of a Rare Earth cation 

for a particular anion, the solid solution series La+S-S04'2=Cr04'2/KBr 

was examined. The singular solid solutions of La+'-SOIo2/KBr and Las3- 

Cr04'2/KBr were examined as references, 

for the La+3-S04'2/KBr soltd solution system over the concentration range 

(0:l) to (2:l). 

ion pair with the SOIo2 ion, Therefore, the two observed broad bands at 

1115 and 1150~m'~ are due to aggregate formation of the SO4'* ions in 

the host lattice and/or anion-lattice 

As the dopant ratio is increased to (0,5:1), several new bands appear in 

the spectrum, 

(type B bands) and are consistent with an ion pair bonding geometry of 

CZV. A further dopant ratio increase to (1:l) produces a relative 

intensity increase in the type B bands relative to the type A bands, 

A further increase in the La+s cation concentration resulting in a dopant 

ratio of (2:l) produces variations in the e?ectrum that do not completely 

Figure 4 gives the observed spectra 

The sample with a doping ratio of (0:l) has no La+' to 

vacancy pairing (type A bands). 

These bands are observed at about 1180, 1135,,and lQ85cm" 
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follow the trend establ ished by the less concentrated members of the  ser ies .  

As is i l l u s t r a t e d  i n  Figure 4 by the two d i f f e r e n t  spectra  obtained from 

d i f f e ren t  sect ions of the  nost  concentrated crystal ,  the  bands due t o  the 

C2v ion p a i r  bonding geometry vary i n  in t ens i ty  r e l a t i v e  t o  t h e  anion- 

l a t t i c e  vacancy pair ing bands. Apparently, a very high La+s concentration 

induces the formation of l a t t i ce  vacancies and/or aggregate formation. 

The shoulders t h a t  appear on the  t y p e  A bands a r e  apparently the  result 

of 8 pair ing of the  Solm2 t o  a t  least one La+' c a t ion  and possibly one 

o r  more la t t ice  vacancies t o  achieve charge balance, 

The inf ra red  spectra  of La+S-Cr04'2/KBr so l id  so lu t ions  a r e  reproduced 

i n  Figure 5, 

t he  spectrum, 

(type C bands) are d i r e c t l y  analogous t o  the  type A bands of the  La+'- 

SOIa2/KBr so l id  so lu t ion  system. 

the  type C bands are due t o  

l a t t i c e  vacancy o r  due t o  contamination by ca t ions  a t  comantrztians a& lcw 

US severa l  PPM. 

new bands a re  evident,  

the strong band (type E band) a t  about 900cm" is due t o  the t r i p l y  

degenerate assymetric s t r e t c h  mode of the  CrOro2  ion i so l a t ed  within the 

KBr host l a t t i c e .  

a t  933 and '876cm" a r e  two of the three bands expected f o r  the  Czv ion 

pair bonding geometry. 

Beginning with a dopant ra t io  of (0:l) four bands appear i n  

The two very intense bands a t  about 920 and 890cm'" 

The weak shoulders a t  836 and 868cm-' on 

pa i r ing  of t he  CrO+" ion with a near neighbor 

Upon increasing the  dopant r a t i o  t o  (0.5:1), t h e e  

The type C bands are s t i l l  dominant, hcirevSi, 

The low i n t e n s i t y  bands (type D bands) t h a t  appear 

The th i rd  band (919cmm1) i n  t h i s  group falls under 
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the  envelope of the intense 920cm" type C band, 

of t he  (1 : l )  dopant r a t i o  sample clearly i l l u s t r a t e s  t h a t  a l l  three type 

D bands a r e  present and increasing i n  i n t e n s i t y  r e l a t i v e  t o  the  type C 

and type E bands. A fu r the r  dopant r a t i o  increase t o  (2:l) r e s u l t s  i n  

a f u r t h e r  increase i n  the  r e l a t i v e  i n t e n s i t i e s  of these bands r e l a t i v e  t o  

the  type C and type E bands. 

S04'2/KBr sample, the  r e l a t i v e  i n t e n s i t i e s  between each band type var ied  

with t h e  sample sect ion which was used t o  obtain the spectrum. 

observation lends fu r the r  evidence i n  favor of t he  assumption t h a t  high 

La+' concentrations induce t h e  presence of high concentrations of l a t t i c e  

vacancies t n  order t o  achieve ove ra l l  charge neut ra l i ty .  

The inf ra red  spectrum 

J u s t  as with t h e  most concentrated La+3- 

This 

The inf ra red  spectra  of the  La+3-SO+-2-Cr01'2/KBr mixed solid so lu t ion  

system a r e i l l u s t r a t e d  i n  Figure 6. 

dramatic changes i n  the inf ra red  spec t ra  of the samples doped with varying 

i n i t i a l  concentrations of La+'. 

solut ion withaqoping r a t i o  of (0:l : l)  d i sp lays  the  type A bands frcm 

the  LaSS-S04"2/KBr so l id  eolut ion series, and the  type C knndc from 

the  analogous Cr04" s o l i d  so lu t ion  series, However, the  type  A and 

type C bands l n  t h i s  eer ie8 are more assymetric and broader than the 

corresponding bands i n  the ' s ingu la r  s o l i d  eolut lons,  Indicat ing the  

presence of unresolved bands i n  these regions. Increaeing the  dopant 

ratio t o  (0.5:l:I) should glve rim t o  the  type B and type D bands of 

the  SO*"' and Cr04" ions, i f  RB i n  the  case of Ca'' t he re  is no prefer- 

e n t i a l  assocj.ation of tho La+' ion with e i t h e r  of t he  two anionsr 

This s o l i d  so lu t ion  system d i s p l a y s  

The in f r a red  spectrum of t he  mixed so l id  
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The type A and t y p e  B bands of the  S04'2 ion appear 

bands of the  CrO4-' ion. The type D bands correspt Ling . 3 Cev bonding 

geometry of the  La+3-CrO+02 ion pa i r  a r e  consptcuously absent from the 

spectrum, ind ica t ing  p r e f e r e n t i a l  bonding of the  Las9 ion with the  S01'= 

ion i n  s o l i d  solut ion with the C s v  ion p a i r  bonding geometry. 

results are obtained with a doping r a t i o  of ( l : l : l ) ,  the  main difference 

being an increase i n  the type B bands r e l a t i v e  t o  the  type A bands for  

the  SO4'* ion ,  

the  spectrum and the  type C bands of t he  Cr04-e ion decrease r e l a t i v e  t o  

the t y p e  A bands of the  SO+'= ion, 

tendency t o  r e j e c t  the Cr0+"2 ion from the  so l id  so lu t ion  as the  La+3 ion 

concentration is increased. The most dramatic changes i n  the  inf ra red  

spectra of t h i s  system occur upon increasing the  dopant r a t i o  t o  (2:1:1), 

As with the  s ingular  so l id  solut ions,  high concentrations of La'' tend 

t o  produce changes t h a t  depend upon which c ryf ta l  sec t ion  was used t o  

obtain the  inf ra red  spectrum. 

only re la ted  t o  changes i n  the  r e l a t i v e  i n t e n s i t i e s  of the observed so l id  

solut ion bands, 

reproduced in the  f igure.  

C bands of the CrOlm2 ion a r e  absent from the spectra  which suggests 

t h a t  the CrOqm2 ion i s  not  i n  s o l i d  solution. 

of the  yellow t;r0412 ion were found i n  one sect ion of the c r y s t a l  grown 

a t  t h i s  high Lb-' concentratioK, 

aFc do t he  type C 

S imi l a r  

The t y p e  D bands f o r  t h e  Cr0402  ion  a r e  still absent from 

This  is in te rpre ted  as an increased 

These changes, however, are minor and are 

The two extreme cases i n  the  observed spectra  are 

One important fea ture  i s  t h a t  both the  D and 

I n  f a c t  v i s i b l e  occlusions 
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Another fea ture  is the s e t  of t h ree  assymetrj2ally spaced bands a t  

1214, 1165, and 1031cmD1 (type F bands) i n  the  S04"2 assymetric s t r e t c h  

region of the spectrum, 

taneous pa i r ing  of the  SOs"2 ion with one La+' ca t ion  and LA*& a l k a l i  ion 

l a t t i c e  vacancy i n  the  opposing face centersd l a t t i c e  e i t e  

Atypical C e l l  (Figure 1). The band a t  1214cm" a l s o  appeared a t  very 

low i n t ens i ty  i n  the s ingular  (1:l) La+a-S04-e/KBr so l id  solut ion ( the  

other  two type F bands were evidently l o s t  i n  the background). 

the  samples possessing a low dopant r a t i o ,  the type A and type B 

bands appear. 

s i t i e s  r e l a t i v e  t o  the  type F bands which depend d i r e c t l y  upon the sample 

sect ion t h a t  was used t o  obtain the inf ra red  spectr  A l s o ,  thr? weak 

band t h a t  appears ar 966cmaf is the  t o t a l l y  symmetric s t r e t c h  mode f o r  

the SO+'2 ion and i s  associated with 'he type F bends. 

increase i n  the  dopant ratio t o  (4:l:L) y i e lds  spectra  t h a t  show the  

same general  feature8 and v a r i a b i l i t y  as those obtained f o r  the  system 

having a dopant r a t i o  of (2:1:1)e 

The type F bands are cons is ten t  with the  simul- 

of the 

A s  with 

The major difference being t h e i r  d r a s t i c a l l y  varying inten- 

Lastly, an 
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CONCLUSIONS 

These experiments prove t h i s  technique t o  be valuable i n  studying 

Vibrat ional  spectxoscopy indica tes  t h a t  ion p a i r s  i n  solid solut ions.  

ca t ions  a t  t race  level;  occupy l a t t i ce  s i t e s  i n  the  c r y s t a l  r a the r  than 

a t  i n t e r s t i t i a l  pos i t ions  or  as separate grains.  

a charge irnbalance i n  the  ion p a i r  formed, the multivalent ca t ion  s t i l l  

occuples a l a t t i c e  s i te  and the  imbalance i s  a l l ev ia t ed  by l a t t i c e  

vacancies. 

f i t  i n t o  the  same l a t t i c e  s i te  (C2") relative t o  eJ;:her anion. 

when both anions are present the  two ca t ions  behave i n  very d i i f e r e n t  

mamers, 

both anions while the  Lass is more se lec t ive .  

with the S01'" i s  so st rong t h a t  Cr0402 is excluded from the l a t t i c e  

even when excess La+' i s  present,  This  i s  a very clecjr demonreratiofi 

t h a t  there  a r e  inf luences other  than ion ic  s ize  o r  charge Cnvolved i n  

Even when there  is 

Both La+' ( ion ic  radius  1.15 8) and Ca+* ( ionic  r a d i u s  .99 i) 
However, 

The Ca+= goes i n t o  t h e  so l id  so lu t ion  i n  a random fashion with 

The pa!ring of La+' 

the  formation of ion pairs i n  so l id  solut ion,  It  is poa3ible by t h i s  

technique: t o  observe the  competition between d i f f e r e n t  ca t ions  f o r  

d i f f e ren t  anions with which t@ pair. This is analozous t o  the  case of 

the se lec t ive  slxbstitutinn by t r ace  cat lone i n  d i f f e r e n t  l a t t i c e  s i t e s  

of rock forming minerals, XI-. minerals and the  sol id  so lu t ions  described 

i n  t h i s  paper anions containing oxygen i n t e r a c t  w i t h  ca t ions ,  and in 

many cases the banding i s  p r i m a r i l y  ionic.  Z t  has been shown (Grzybowski, 

1972) t h a t  i n  t h i s  type of ion ic  so l id  so lu t ion  the  cat ions can d i f fuse  t9 
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the most energet icai ly  favorable l a t t i c e  positions. 

other hand, do ilot d i f fuse  a f t e r  c r y s t a l l i z a t i o n  so t h a t  the i so l a t ion  

of the complex anions from each other i n  the  so l id  so lu t ion  must  occur 

during c r y s t a l l i z a t i o n  a t  the sol id- l iquid in te r face .  I n  t he  case of 

the LaS3-S04-2-Cr04-2/KBr so l id  solut ion the absence of the assymetric 

s t r e t ch  mode of the  i so la ted  Cr04'2 ion ind ica tes  t h a t  t h i s  anion does 

not en ter  the l a t t i c e  a t  a11 ra ther  than being a case of La+' di f fus ing  

away from the Cr04-2 a f t e r  c r y s t a l l i z a t i o n ,  

S04-2 forms a much more s t ab le  ion pa i r  than Las9-Cr0i'2 during the  

formation of the so l id  solution. 

t h i s  can be qua l i t a t ive ly  understood i n  terms of the Hard and Soft  

Acid' Base concept discussed by Pearson (1973). 

"hard" cat ion (harder than Ca+2), the S0402 i s  al'harder" anion than the 

Cr0402 ("hard" indicat ing re13 Lively unpolarizable ions ) ,  

anions and cat ions farm the s t rongest  Lon pair (La+s-S04-2) while those 

involving Ca+2 or  cro4-2 a re  not a s  strong. 

The anions, on the  

This ind ica tes  t h a t  La+s- 

Although fu r the r  b tudy  i s  required,  

The La+3 i s  a very 

The hardes t  

The other important parameter which can be  studied by t h i s  technique 

i s  the l a t t i c e  posi t ion f i l l e d  by the cations.  The r e l a t i v e  s t a b i l i t i e s  

o r  these s i t e s  a re  determined by an energy-entropy competition. Ther- 

modynamic considerations require a minimization of the Helmholtz f r e e  

energy ACEint-TS (where Eint  i s  the  i n t e r n a l  energy oi the sol id 

solut ion,  T the temperature, and S i s  the entropy of the sol id solution), 

A t  low temperatures the energy term i s  dominant and those stte configurations 

vhich possess the largest negative Ehnt should be moat etable, 
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A s  a f i r s t  approxixation, the energy of formation of a p a r t i c u l a r  s i te  

configuration can be considered i n  terms of an e l e c t r o s t a t i c  charge 

compensation. 

i d e n t i c a l  cat ion l a t t i c e  s i tes  (degeneracy) which can produce the  par- 

t i c u l a r  ion p a i r  s i t e  configuration. 

The entropy i s  d i r e c t l y  r e l a t e d  to the number of 

In  the  so l id  solut ions studied possible  pos i t ions  of t he  c a t i a n s  

are l i m i t e d  by the c r y s t a l  t o  l a t t i c e  posit5ons. 

trace element ca t ions  are a l s o  confincd t o  a l imited number of sites 

within the la t t i ce  of c r y s t a l l i z i n g  minerals) 

pos i t ions  a r e  more e f f ec t ive  i n  compensating for t h e  anion charge than 

others.  

as both La+' and 

near two oxygen atoms of the  anion and is t h e  most e f f ec t ive  means of 

compensating f o r  the  excess charge. 

(The pos i t ions  of 

Some ca t ion  la t t ice  

One extreme case is f o r  t he  ca t ions  t o  assume the  CZv pos i t ion  

did. T h i s  la t t ice  pos i t ion  places  the  ca t ion  

This can be most readi ly  understood 

if t he  two ions 

r i ( the  ion p a i r  

hos t  l a t t i c e ) ,  

a r e  considered as point charges separated by a dis tance 

bond length) within a uon-interacting medium ( the  KBr 

The p o t e n t i a l  energy becomes more negative as ri 
-I 
=i 

decreases (Ei-)* 

Cor the  CZv ion p a i r  configuration where r i  i s  the  smallest  under t h e  

cons t ra in ts  imposed by the  l a t t i c e .  There a r e  six of these CZv ca t ion  

posi t ions (equivalent) around the complex anion. Thus for t h i s  pos i t ion  

the energy term is large and negative and i s  dominant when compared t o  

the entropy term (degeneracy), 

The energy ( E i )  is, therefore ,  the  mast negative 

There a r e  however a s e r i e s  of s i tes  
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t h a t  the cat ion can occupy a t  g rea te r  dis tances  from the anion. 

ion pair ing energy f o r  these si tes become subs t an t i a l ly  smaller as the 

anion-cation separation becomes la rger ,  The l o c a l  charge compensation 

is minimal i n  these configurations,  The r e su l t i ng  s i t e  symmetry is Td 

and the  degeneracy is large i n  t h a t  there  are many equivalent sites. 

Thus for these l a t d c e  posi t ions,  the  entropy term is dominant and a t  

higher temperatures t h i s  site should be most s table .  E a r l i e r  r e s u l t s  

on similar s o l i d  so lu t ions  suggest t h a t  the  CZv s i t e s  present a t  

room temperature can be transformed to Td configurations and t h e  i n t e r -  

mediate (& configurations by in tense  heat  treatment (Grzybowski and 

Khanna, 1974). 

i n  t he  heat treated sample returned t o  the energe t ica l ly  favorable CeV 

l a t t i c e  posit ions.  

The 

After  standing a t  room temperature f o r  8 months the  ca t ions  

I n  addi t ion  t o  La+’ and Ca+2 most other  ca t ions  studied t o  da te  

assumed the  Czv l a t t i c e  pos i t ion  a t  low (room) temperatures, but many 

show a defirif te population of other  si tes as w e l l  and i n  some cases  a 

dominance of s i t e s .  A qualitatLve descr ip t ion  of t he  d i f f e r e n t  

s i tes  i n  terms of the number of cation-anion bonds, effect iveness  of 

charge balance and degeneracy of the  sites is given i n  Table 1. 

Although the exact energies of the  var ious s i te  configurations have not 

been calculated,  the r e l a t i v e  energy l e v e l s  have been determined on 

the bas i s  of these s t u d i e s .  I n  addi t ion t o  the  energy of formation of 

t h e  individual ion-pair  s i te  configurations,  there  are siiblevels (especialf  
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f o r  t h e  La+' case)  associated with the  formation of various la t t ice  

vacancies. A schematic energy l e v e l  diagram i s  shown i n  Figure 7. 

The exact energy l e v e l  of any one s i te  or t h e  energy differences between 

s i tes  w i l l  change f o r  d i f f e ren t  ion-pairs as discussed below. The 

f r a c t i o n  of the ca t ions  i n  each d i f f e r e n t  s i te  can be described i n  

N i  d i  , ,Ei /kT terms of a Boltzmann d i s t r i b u t i o n  l a w  af t he  form - = - 
N f  

where N i  i s  the  number of ca t ions  i n  l a t t f c e  s i te  i with i n t e r n a l  energy 

E i  and a degeneracy di .  N i s  the  t o t a l  number of ca t ions  i n  the  so l id  

solut ion,  N i / N  i s  a pa r t i t i o r ,  coe f f i c i en t  and f i s  the  sum over a l l  

ava i l ab le  l a t t i c e  si tes (f =si e' Ei/kt). 

d i s t r ibu t ion  i s  shown f o r  t w o  d i f f e r e n t  temperatures i n  Figure 

Schematically t h i s  type  of 
I 

7 ,  

This  s h i f t  i n  the d i s t r i b u t i o n  has been used t o  explain the changes 

observed i n  the  v ib ra t iona l  spec t ra  of ..Lese so l id  so lu t ions  with heat 

treatment (Grzybowski and Khanna, 1974). 

The important aspect of t h h  type of consideration t o  geochemical 

problems i s  t h a t  i n  these simple solid solut ions the  a f f e c t s  of var ious 

c rys ta l lograpkic  and atomic parameters can be studied and quant i f ied.  

Since the  energy and entropy of s i t e  occupation changes when a t r a c e  

element subs t i t u t e s  f o r  a major ca t ion  i n  the l a t t i ce  of a growing mineral 

crystal, the  f ac to r s  which a f f e c t  these changes must be quant i f ied in 

order t o  predict  d i s t r ibu t ion  coe f f i c i en t s ,  Although we a r e  present ly  

unable t o  give quant i ta t ive  r e s u l t s ,  the behavior of d i f f e r e n t  ca t ions  

and an ions  3-n ionic  s o l i d  solut ions enable us t o  make some comments on 

the  general trends. I t  i s  found that hard ca t ions  (small and only weakly 
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polar izable)  i n t e r a c t  more strongly (lowering the  energy of ion-pair 

formation) w i t h  hard anions. Cations which are more easily polarized 

( s o f t )  tend t o  form more covalent type bonds with the softer anions, 

For the  case of Ca+= and Cd+" which have nearly the  same ionic  r a d i i ,  

the  e l ec t ron ic  p o l a r i z a b i l i t y  of t he  Cd+2 (1.8 L a  ) is g r e a t e r  than 

tha t  f o r  Ca+2 (1.1 A3), 
0 

While the  C, posi t ion i s  dominant f o r  Ca+= 

with the  s o f t  Cr0.a'2 anion, the  Cay sites are appreciably populated 

by the C a t 2 ,  

levtls ( E i )  t o  lower energies for t he  s o f t e r  Cdf2-CrO4'" ion pair .  

This can be in te rpre ted  as a s h i f t  of the  ion-pair energy 

Since 

the  t o t a l  energy of t he  system a t  any given temperature w i l l  be the  

same, t he re  w i l l  be an increase i n  the  population of t h e  s i t e s  above CZV. 

The p o l a r i z a b i l i t y  of t he  anion and the  la t t ice  are a l s o  important 

i n  these systems ( the  analogous s i t u a t i o n  in minerals would be the 

p o l a r i z a b i l i t y  of var ious s i l i c a t e  l a t t i c e s ) ,  

made t o  date t h e  ca t ions  have been harder than any of t he  anions. 

I n  most of t he  s t u d i e s  

A 

tendency has been observed t h a t  the  s o f t e r  the  anion, t he  more dominant 

the CZv site becomes, 

t o  occupy the C3v sites i n  s o l i d  so lu t ions  of t he  r e l a t i v e l y  hard BeF4a2 

For instance,  Pb+2 shows appreciable tendency 

ion which is about the same s i z e  as the  Cr0402 anion f o r  which the  

c2v s i te  is dominant. The harder the  anion pair ing with the  eblergy 

of r e l a t i v e l y  hard ca t ions  the lower ion p a i r  formation becomes, thus 

more ca t ions  occupy sorrre of the more abundant s i tea .which  are not  as 

e f fec t ive  i n  yielding l o c a l  charge balance (such as the  C3, s i t e s ) .  

Solid solutions were prepared i n  KC1, K B r ,  and KI (which increase i n  size 
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and po la r i zab i l i t y )  t o  see what ro l e  t h e  l a t t i c e  p l ayed  i n  the  population 

of s i t e s ,  

l i t y  e f f e c t s ,  the KI l a t t i c e  w a s  observed t o  s t a b i l i z e  the  CgV s i t e  

r e l a t i v e  t o  the  CSv s i t e  and it  makes l a t t i c e  defects  (K+ ions missing) 

more probable. 

become occupied as opposed t o  the  C2v s i tes  observed i n  KBr. 

la t t ice  i s  more polar izable  than the  C r 0 4 0 2  anion, so the  r e l a t i v e l y  

hard Cd+2 cat ion forms a f a i r l y  strong ion p a i r  w i t h  t he  CrOlD2 ion. 

On t he  other hand, when the p o l a r i z a b i l i t y  of the l a t t i c e  around the  

s i t e  becomes smaller the  hard ca t ion  begins t o  i n t e r a c t  more strongly 

with the l a t t i c e ,  

strongly with both the  anion and the  l a t t i c e .  

Although it  i s n ' t  possible  t o  separate  the  s i z e  and polar izabi-  

For the  case of Cd+2-Cr04-2 i n  KC1, the  Cgv s i tes  

The KBr 

This favors the CSv s i t e  where the  ca t ion  can i n t e r a c t  

Thus the e f f e c t s  of the  p o l a r i z a b i l i t y  of the  ions and the  la t t i ce  

s i t e s  can be visual ized i n  terms the  ru l e s  set f o r t h  i n  the  hard and 

s o f t  acid' basesconcept (Pearson, 1973) The o ther  important parameters 

a r e  the  s i z e  of the ions  involved. 

t o  occupy the most degenerate s i tes ,  

r e l a t i v e  t o  the s i z e  of a l a t t i c e  s i t e ,  a d i s t o r t i o n  of t he  l a t t i c e  w i l l  

occur increasing the ion-pair  energy (Ei) of t h a t  configuration, 

is i n  l i n e  with our  observation tha t the  l a rge r  ca t ions  occupy the Czv 

s i t e s  while smaller ones have appreciable populations of the  CSv Si tes .  

An exampie would be t h e  Cd+' ( i on ic  radius  = .97 i) and Sr+2 ( ion ic  

radius = 1.13 1) with CrOr'' i n  the KBr l a t t i c e .  

of the  cat ions a r e  abou t  the  same, b u t  the smaller Cd+2 ca t ions  occupied 

The entropy w i l l  drive the cat ions 

I f  t he  ca t ion  becomes too  l a rge  

T h i s  

The po la r i zab i l i t i . c s  
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t h e  C,v s i t e s  ( e s p e c i a l l y  Csv) versus the  C,, s i t e s  occupied more 

f u l l y  by the Sr+', 

d i s t r i b u t i o n  coe f f i c i en t s  of minerals with respect  t o  the s i z e  of 

the ca t ion  which i s  going i n t o  a l a t t i c e  pos i t ion  of some f ixed size, 

Onuma e t  a l ,  (1968) for instance,  observed t h a t  t h e  p a r t i t i o n  coe f f i c i en t s  

f o r  the lanthanides which replace Ca+" i n  the  l a t t i c e  of bronzi te ,  

decrease a s  the s i ze  of the lanthanide ion increases ,  I n  terms of the  

reasoning suggested above, t h i s  is due t o  an increase i n  the ion pair  

energy ( E i )  due to  the  necessary l a t t i c e  d i s to r t ion .  

an t ic ipa ted  t h a t  as the  s i ze  of the  anion increases  the s i ze  of some 

of the l a t t i c e  pos t t ions  (C,:) decrease w h i l e  bringing the  charge centers  
b 

(oxygen atoms) closer t o  o thers  (esv giving r i s e  t o  stronger 

in t e rac t ions  between the  ion-pair, 

A similar  pa t t e rn  of behavior i s  observed f o r  the  

It might be  

and 

The rather crude models proposed can adequately explain the f a c t o r s  

observed t o  a f f e c t  the  occupied s i tes  of t he  ca t ions  i n  the  ion ic  so l id  

solut ions studied. These same models a l s o  provide a way of r a t i o n a l i z i  

t r ace  element p a r t i t i o n  coe f f i c i en t s ,  It should be possible  i n  fu ture  

s tudies  t o  begin t o  quantify these f a c t o r s  so t h a t  they can be used 

t o  predict  behavior i n  the more complex so l id  so lu t ions  found i n  nature.  
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FIGURE CAPTIONS 

Figure 1: Schematic diagram of the c e l l  u t i l i z e d  f o r  i n t e rp re t a t ions  

i n  the Atypical Ce l l  Model. 

Figure 2: 

mixed so l id  solut ion sys t em as a funct ion of the  Ca+2 ion concentration. 

The doping r a t i o s  are: 

(l:l)T; d ) ( 4 : 1 : 1 ) ,  o r  (2:1)Te 

Figure 3: 

lar so l id  solut ion systzm as a function of the  La+' ion concentration. 

The doping r a t i o s  are:  

Room temperature inf ra red  spectra  of t he  Ca+2-S04'2-Cr04'2/KBr 

a)(O:l: l) ,  o r  (0:2)T; b ) ( l : l : l ) ;  c)(2:1:1), o r  

Room temperature inf ra red  spectra  of the  LaS3-S04g2/KBr Fingu- 

a)(O:l);  b)(0,5:1); c ) ( l : l ) ;  d ) ( 2 : 1 ) .  

Figure 4: 

lar  so l id  solut ion system as a function of the  La'" ion concentration. 

Room temperature inf ra red  spectra  of t he  La+S-Cr04'2/KBr singu- 

The doping r a t i o s  a re :  

Figure 5: 

mixed so l id  solut ion system as a funct ion of the  Las3 ion concentration. 

a)(O: l ) ;  b)(0,5:1);  c ) ( l : l ) ;  d)(2:1). 

Room temperature inf ra red  spectra  of the LaS3-S04-2-Cr04'2/KBr 

The doping r a t i o s  a re :  

o r  (l:l)T; d ) ( 4 : 1 : 1 ) ,  o r  (2:1)T. 

a)(o:1:1), o r  (0:2)T; b ) ( l : l : l ) ;  c)(2:1:1), 

Figure 6: Schematic energy level diagram ( l e f t )  and the corresponding 

s i t e  population d i s t r i b u t i o n  function ( r i g h t )  f o r  ion ic  so l id  solutions.  
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TABLE 1. The Statistics of the Multivalent Cation Distri- 

bution for the Major Site Configurations 

Degeneracy of the Number of Effectiveness 
Major Site Lattice Site for Near Neighbor of Local Charge 
Symrne t ry the Multivalent Cation XY4'2 Bonds Cornpensat ion* 

Td l O O 0 t  0 Very Poor 

6 

6 + vacancy 

4 

2 

2 

1 

Excellent 

Good to Very Good 

Good 

ck 4 + vacancy 1 Good to Very Good 

. c8v 4 3 Very Good 

* 
A s  determined by considering only an electrostatic charge compensation 
interaction. 
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FIGURE 1: SCrnMATIC DIAGRAM OF THE CELL UTILIZED FOR 

INTERPRE'FATIONS IN THE ATYPICAL CELL MODEL 

indicates a cation lattice site 

indicates an anion lattice site 

@ indicates substitution of XY" at an anion 

0 
4 

lattice site with the relative orientations 

of the four X-Y bonds indicated by the 

dotted linea 
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